INTRODUCTION
Is the electrical phenotype of neurons robust to ion channel deletion, and what are the rules that define the level of robustness ? Until recently, the absence of a clear phenotype when artificially mutating or deleting a given gene was often taken as evidence for lack of functional relevance, and many studies based on geneticallymodified animals with "negative phenotypes" have probably never been published (Barbaric et al, 2007; Edelman & Gally, 2001) . However, it is now accepted that biological systems have ways of coping with gene mutation or deletion, especially through functional redundancy and pleiotropy of the genes (Kirschner & Gerhart, 1998; Kitano, 2004; Klassen et al, 2011) . Studying transgenic animals with negative phenotypes is therefore a unique way of gaining insights into the molecular mechanisms underlying the astonishing robustness of biological systems.
Ion channels, in particular voltage-dependent ion channels, constitute a striking example of functional redundancy (Amendola et al, 2012; Marder & Goaillard, 2006; Taylor et al, 2009) . Indeed, in most neuronal types, many different subtypes of voltage-dependent ion channels are expressed, far more than the theoretical minimum needed to generate the appropriate pattern of activity (Podlaski et al, 2017; Prinz et al, 2004) . Consistently, computational studies have demonstrated that ion channel redundancy underlies the multiplicity of biophysical solutions that can confer a given electrical phenotype (Drion et al, 2015; O'Leary et al, 2014; Taylor et al, 2009) . As an unsurprising consequence, a number of studies have now demonstrated that the phenotype of ion channel knock-outs (KOs) is often far from what can be expected based on acute blockade of ion channels (Carrasquillo et al, 2012; Kulik et al, 2019; Nerbonne et al, 2008; Swensen & Bean, 2005) , suggesting that compensatory mechanisms are at play. However, the depth of phenotype characterization determines how well its variations or stability are assessed, such that negative phenotypes might sometimes be the result of an under-assessment of neuronal function (Barbaric et al, 2007) . The Kv4.3 potassium channel and the small-conductance calcium-activated potassium channel 3 (SK3) are widely expressed in several brain areas (Serodio & Rudy, 1998; Vacher et al, 2006) and in several cardiac tissues, including the pacemaker node (Kv4.3) (Serodio et al, 1996) . In spite of this, previous reports suggested that the SK3 and Kv4.3 KO mice do not display an overt phenotype (Carrasquillo et al, 2012; Jacobsen et al, 2008; Nerbonne et al, 2008) . Interestingly, both of these ion channels are strongly expressed in SNc DA neurons and play important roles in the control of their pattern of activity (Amendola et al, 2012; de Vrind et al, 2016; Deignan et al, 2012; Hahn et al, 2003; Liss et al, 2001; Serodio & Rudy, 1998; Seutin et al, 1993; Vandecasteele et al, 2011; Wolfart et al, 2001; Wolfart & Roeper, 2002) . Specifically, the Kv4.3 ion channel is responsible for the A-type potassium current controlling spontaneous firing frequency and post-inhibitory rebound (Amendola et al, 2012; Hahn et al, 2003; Liss et al, 2001) , while the SK3 channel is involved in the control of firing regularity and excitability (Deignan et al, 2012; Wolfart et al, 2001) . SNc DA neurons project onto the dorsal striatum (forming the nigrostriatal pathway) where they release DA. As a consequence, their activity has been demonstrated to critically influence motor learning, habitual and goal-directed actions (Balleine, 2019; Wise, 2004; Yin & Knowlton, 2006) .
We used behavioral tests to address alterations in motor activity and motor learning, and current-clamp and voltage-clamp electrophysiology to evaluate the robustness of the SNc DA neuron phenotype to the deletion of SK3 and Kv4.3 channels. In addition, following the approach developed in a previous study (Dufour et al, 2014a) , we used multivariate analysis of current clamp-recorded parameters to evaluate global alterations in electrical phenotype. While the loss of Kv4.3 ion channel does not seem to be compensated at all, genetic deletion of SK3 is associated with very slight variations in electrical phenotype of these neurons. The comparison of phenotype variations after chronic deletion or acute pharmacological blockade of these channels allowed us to quantify the precise level of robustness of SNc DA neurons to the deletion of Kv4.3 and SK3, respectively. Voltage-clamp experiments suggest that Kv4.3 deletion is not compensated by Kv4.2 while SK3 loss is partly compensated by SK2 expression in SNc DA neurons. This study demonstrates that SNc DA neurons are differentially robust to potassium channel deletions, depending on the strength of the compensatory mechanisms engaged. It also provides a general framework for assessing the degree of robustness of electrical phenotype in response to ion channel deletion.
RESULTS
We first sought to determine whether subtle alterations in motor behavior might have been overlooked in previous studies using the SK3 and Kv4.3 KO mice (Carrasquillo et al, 2012; Jacobsen et al, 2008; Nerbonne et al, 2008) . We focused on simple motor tasks known to be modulated by the activity of the nigrostriatal DA pathway, such as spontaneous exploration (Kravitz et al, 2010) and learning of a new motor skill (Beeler et al, 2012; Durieux et al, 2012; Giordano et al, 2018; Yin et al, 2009 ). In particular, motor learning on the accelerating rotarod is sensitive to DA receptor antagonists and to targeted lesions of the dorsal striatum (Beeler et al, 2012; Durieux et al, 2012; Giordano et al, 2018; Yin et al, 2009 ).
Assessment of motor behavior in SK3 and Kv4.3 KO mice
Behaviors of SK3 and Kv4.3 KO mice were compared to wild-type (WT) littermates in order to assess any significant alteration in motor function. Spontaneous locomotor activity was first measured using actimetry chambers, while motor learning abilities were evaluated using the accelerating rotarod test (Figure 1A) . SK3 and Kv4.3 KO mice displayed a global level of locomotor activity similar to WT littermates: SK3 KO vs WT, 202.00 ± 18.63, n=12 vs 185.08 ± 19.06, n=12, p=0.532, Kv4.3 KO vs WT, 127.69 ± 11.46, n=13 vs 117.40 ± 14.87, n=10; p=0.583, unpaired t-test; Figure 1B) . However, the analysis of more specific locomotor features revealed a significant increase in the number of rearing events in SK3 KO mice compared to WT (254.2 ± 31.8, n=12 vs 178.5 ± 15.2, n=12, p=0.043, while no difference was found between Kv4.3 KO mice and WT (238.6 ± 37.5, n=10 vs 178.9 ± 29.4, n=13, p=0.246,  Figure 1B) . We then wondered whether motor learning could be affected by the chronic deletion of SK3 or Kv4.3.
Mice were submitted to 10 consecutive trials on the accelerating rotarod, and latencies before falling were measured. While SK3 KO mice showed similar learning curves to their WT littermates (performance index 164.5 ± 21.4, n=12 vs 157.5 ± 12.7, n=12, p=0.782, unpaired t-test; Figure 1C ), Kv4.3 KO mice displayed a deficit in motor learning, as indicated by the decreased value of the performance index compared to WT littermates (176.9 ± 21.4, n=11 vs 111.2 ± 8.3, n=13, p=0.006, unpaired t-test; Figure 1C ). In summary, the SK3 KO mice showed a slightly increased number of rearings while Kv4.3 displayed a slight alteration in motor learning. Overall, the modifications in motor behavior observed in SK3 or Kv4.3 KO mice, although rather weak, are consistent with alterations in the function of the nigrostriatal pathway (Balleine, 2019; Yin & Knowlton, 2006) . Therefore, we next investigated whether the electrophysiological phenotype of SNc DA neurons displayed significant variations in both KO mice.
SNc DA neuron pacemaking activity in SK3 and Kv4.3 KO mice
The first distinctive electrophysiological feature of SNc DA neurons is their ability to generate, both in vivo and in vitro, a tonic regular pattern of activity known as pacemaking activity (Kitai et al, 1999; Paladini & Tepper, 2016) . This pattern of activity is characterized by its frequency and its regularity, estimated by the coefficient of variation of the interspike interval (CV ISI , Figure 2 ). As mentioned before, Kv4.3 channels have been demonstrated to control firing frequency (Amendola et al, 2012; Hahn et al, 2003; Liss et al, 2001 ) while SK3 channels have been shown to increase firing regularity (decrease CV ISI ) (Deignan et al, 2012; Wolfart et al, 2001) . Consistent with these documented roles, firing frequency was strongly increased specifically in Kv4.3 KO mice (table 1, Figure 2B ) while regularity was significantly decreased (CV ISI increased) specifically in SK3 KO mice (table 1, Figure 2B ).
Action potential shape in SK3 and Kv4.3 KO mice
We next analyzed AP shape, which can be extracted from recordings of spontaneous activity (Figure 3) . SNc DA neurons display a characteristic slow (half-width > 1.0 ms) biphasic action potential (AP) followed by a prominent after-hyperpolarization (AHP) (Dufour et al, 2014a; Kimm et al, 2015; Vandecasteele et al, 2011) . In mouse SNc DA neurons, the AHP often displays two components, a fast AHP (fAHP) with a hyperpolarizing trough ~10-30ms after the AP and a medium AHP (mAHP) with a trough ~50-100ms after the AP (Figure 3A) . However, these components have no clear-cut correspondence with identified subtypes of calcium-activated potassium channels. In fact, apamin-sensitive SK channels seem to be involved in both components. Depending on the SNc DA neuron, the fAHP or mAHP dominates, dictating different repolarization kinetics, and we therefore distinguished these two components in our analysis of AP shape. The following AP parameters were measured: AP threshold, AP amplitude, AP half-width; AHP, fAHP and mAHP trough voltages; AHP, fAHP and mAHP latencies. In spite of the reported role of Kv4 channels in the control of AP shape in other neuronal types (Carrasquillo et al, 2012; Nerbonne et al, 2008) , most of the AP parameters remained unchanged in Kv4.3 KO SNc DA neurons compared to WT (Figure 3B-D) . Only the latency of the mAHP was found to be significantly shorter in Kv4.3 KO mice compared to WT (Figure 3D) . In contrast, AP threshold and AHP trough were found to be different in SK3 KO mice compared to WT. Specifically, AP threshold was significantly hyperpolarized (table 1, Figure 3B ), AHP trough voltage was significantly depolarized (table 1, Figure   3C) . Surprisingly, the mAHP was not significantly modified in the SK3 KO mice (table 1; Figure 3C ,D).
Post-inhibitory rebound in SK3 and Kv4.3 KO mice
SNc DA neurons display a peculiar response to hyperpolarizing current steps ( Figure   4A ). During hyperpolarization, these neurons display a strong voltage rectification (or sag) due to the I H current (Mercuri et al, 1995; Neuhoff et al, 2002) . Then, upon release of the hyperpolarization, the repolarization is biphasic, with a rapid phase followed by a slow linear repolarizing phase leading to AP firing (Amendola et al, 2012; Kita et al, 1986; Nedergaard, 1999) . This post-inhibitory rebound profile has been shown to be controlled by the I H and I A currents (Amendola et al, 2012; Neuhoff et al, 2002; Tarfa et al, 2017) , this latter being supposedly carried exclusively by the Kv4.3 potassium channels in this cell type (Hahn et al, 2003; Liss et al, 2001) . In particular, the I A current is responsible for the slow repolarizing phase and the subsequent delay in AP firing (Amendola et al, 2012; Tarfa et al, 2017) . While the amplitude of the voltage sag during hyperpolarization was found to be similar in SK3 KO, Kv4.3 KO and WT mice, the rebound delay was almost completely abolished in Kv4.3 KO mice (table 1, Figure 4B ) while it was unaltered in SK3 KO mice (table   1) .
Excitability in SK3 and Kv4.3 KO mice
SNc DA neurons respond to depolarizing current steps with a characteristic adapting firing pattern (Figure 5A) : the frequency at the start of the pulse is higher than the frequency at the end of the pulse, and the highest frequencies reached by SNc DA neurons usually do not exceed 50 Hz (Blythe et al, 2009; Vandecasteele et al, 2011) .
This excitability profile can be described by the following measures: the gain of the response at the start (GS, gain start) and at the end (GE, gain end) of the pulse, and the spike frequency adaptation (SFA) index (GS/GE). Several studies have demonstrated that the adapting firing profile of SNc DA neurons is strongly related to the activity of apamin-sensitive SK channels (SK2 and SK3) (Dufour et al, 2014a; Grace & Bunney, 1984; Vandecasteele et al, 2011) . We analyzed the three aforementioned excitability parameters in Kv4.3 KO mice and found no significant changes compared to WT (table 1, Figure 5B ). In contrast, consistent with previous results (Vandecasteele et al, 2011) , GS was significantly increased in SK3 KO mice compared to WT while both GE and SFA index were unchanged (table 1, Figure   5B ).
Estimating the robustness of electrical phenotype in SK3 and Kv4.3 mice
So far, we showed that the electrophysiological phenotype of SNc DA neurons is significantly modified in the SK3 and Kv4.3 KO mice, although the animals show only slight alterations in motor behavior (Figure 1) . The electrophysiological changes observed in each transgenic line are consistent with the documented roles of the corresponding ion channels, albeit with substantial variations in the size of the changes between the two KO lines. Specifically, in the SK3 KO mice, the AHP is slightly decreased, its latency increased, and the regularity of spontaneous firing is slightly decreased (Figures 2, 3) . In the Kv4.3 mice, spontaneous firing frequency is strongly increased and rebound delay is almost completely abolished (Figures 2, 5) .
These changes suggest that, in spite of an overall "negative" phenotype of the SK3 and Kv4.3 animals, SNc DA neurons are not totally robust to SK3 or Kv4.3 deletion.
In order to precisely quantify the extent of robustness of these neurons to SK3 and Kv4.3 deletion, we next compared the electrophysiological effect of these chronic genetic manipulations with the effect of acutely blocking the ion channels with pharmacological agents.
Partial robustness of electrical phenotype in SK3 KO mice
Both the SK2 and SK3 subunits of the SK family are expressed in SNc DA neurons, although SK3 seems to be more strongly expressed than SK2 (Wolfart et al, 2001) .
These two subunits are sensitive to the bee-venom toxin apamin in the nanomolar range (Fakler & Adelman, 2008; Weatherall et al, 2010) . Based on the reported stronger expression of SK3 and in the absence of an SK3-specific blocker, we compared the effect of acute application of a saturating concentration of apamin with the effect of SK3 deletion. We first compared the effect of these two treatments on the properties of the AHP. As described before, we analyzed the changes in amplitude and kinetics of both the fAHP and the mAHP. As expected, apamin induced a significant decrease in AHP amplitude, affecting both the fAHP and the mAHP, although the decrease in mAHP was larger, contrasting with the lack of difference of amplitude of both components in the SK3 KO mice (Figure 6A, B) . Consistent with its predominant effect on the mAHP, AHP latency was strongly decreased in the presence of apamin, in contrast with the lack of significant change in the SK3 KO mice ( Figure 6C) . The effect of apamin on firing regularity was consistent with previous studies (de Vrind et al, 2016; Soden et al, 2013; Wolfart et al, 2001; Wolfart & Roeper, 2002) , with an increase in CV ISI much larger than the one observed in the SK3 KO mice (Figure 7A, B) . We next measured the effect of apamin on excitability:
apamin induced a strong increase in both gain start and gain end, while only gain start was modified in SK3 KO mice (Figure 7C, D) . Overall, these experiments show that, while SK3 is accepted to be the dominant SK subunit expressed in SNc DA neurons, its chronic deletion leads to electrophysiological modifications much milder than the acute blockade of SK channels using apamin. Thus SNc DA neuron electrophysiological phenotype appears to be partially robust to SK3 chronic deletion.
Absence of robustness of electrical phenotype in Kv4.3 KO mice
Although two studies suggested that Kv4.2 might be expressed in SNc DA neurons (Ding et al, 2011; Tapia et al, 2018) , the published literature strongly suggests that Kv4.3 is fully responsible for the I A current in SNc DA neurons (Hahn et al, 2003; Liss et al, 2001; Serodio & Rudy, 1998) . The scorpion toxin AmmTX3 has been shown to selectively block Kv4 channels at nanomolar concentrations (Vacher et al, 2001) . We used saturating concentrations of AmmTX3 and compared the changes in electrophysiological parameters with those observed in the Kv4.3 KO mice (Figure   8 ). Consistent with data obtained in rat SNc DA neurons, AmmTX3 significantly increased spontaneous firing frequency (Figure 8A, B) . Interestingly, the percentage of increase in frequency induced by AmmTX3 was almost identical to the change in frequency observed in Kv4.3 KO mice (table 2, Figure 8B ). We then tested the effect of AmmTX3 on rebound delay, the other electrophysiological parameter strongly controlled by Kv4 ion channels (Amendola et al, 2012; Tarfa et al, 2017) . AmmTX3 induced a strong reduction in duration of rebound delay, which was almost identical to the reduction in delay observed in Kv4.3 mice (table 2, Figure 8C 
Voltage-clamp analysis of the I SK and I A currents
To better understand the differences in robustness of electrophysiological phenotype between the SK3 and the Kv4.3 KO mice, we quantified the changes in the properties of the ion currents carried by the SK and Kv4 ion channels (Figure 9 ). We first characterized the SK current (I SK ) in WT and SK3 KO SNc DA neurons ( Figure 9A) :
while the amplitude of I SK was significantly reduced in amplitude in SK3 KO mice, its time constant of decay was significantly longer, leading to an overall constancy of the charge carried by the SK channels (table 1, Figure 9A ). We then characterized the A-type current (I A ) carried by Kv4 channels in WT and Kv4.3 KO SNc DA neurons ( Figure 9B) : in contrast with I SK , both the amplitude and the inactivation time constant of I A were strongly reduced in Kv4.3 KO mice, leading to an 80% reduction in the charge carried by Kv4 channels (table 1, Figure 9B ). Interestingly, the small residual I A observed in Kv4.3 KO mice was blocked by AmmTX3, suggesting that it is carried by Kv4.2 ion channels (Ding et al, 2011; Tapia et al, 2018) . As shown in the current-clamp and voltage-clamp recordings though, this residual current does not play a significant functional role. Although our data strongly suggest that Kv4.3 loss is not compensated in SNc DA neurons, previous studies (Carrasquillo et al, 2012; Nerbonne et al, 2008) have shown that Kv4.2 or Kv4.3 loss in cortical pyramidal neurons is compensated by increases in delayed rectifier currents (I KDR ). We measured I KDR in WT and Kv4.3 KO SNc DA neurons ( Figure 9C) : both peak and steady-state I KDR amplitudes were analyzed, and no change was observed between WT and Kv4.3 KO mice. Therefore, Kv4.3 loss does not seem to be compensated, neither by Kv4.2, nor by delayed rectifier potassium channels.
Stability of I SK influence in SK3 KO mice
Our voltage-clamp analysis of I SK suggests that SK3 loss is compensated by an increase in SK2, as I SK charge is kept constant in spite of the decrease in amplitude of the current. If I SK charge is maintained, then its functional incidence on firing should also be maintained in SK3 KO mice, meaning that its acute blockade should produce changes similar to the ones observed in WT mice. Thus we next compared the effect of saturating concentrations of apamin in the WT and in the SK3 KO animals ( Figure   10 , table 2). Apamin application in SK3 KO mice induced strong changes in AHP amplitude and latency (Figure 10A, B) , in CV ISI (Figure 10C , D) and in excitability that were not significantly different from the changes induced by the toxin in WT animals (table 2). These results confirm that I SK functional impact is maintained in SK3 KO mice, extending the results already described in the previous current-clamp analysis and the voltage-clamp measurements.
Multivariate analysis of robustness of electrical phenotype
The data obtained so far show that the phenotypic changes induced by knocking-out the SK3 or Kv4.3 potassium channels are both qualitatively and quantitatively different. However, it is difficult to perform a global evaluation of phenotype variation from the sum of the univariate analyses. In order to compare the global effect of the two genetic manipulations on the electrical phenotype of SNc DA neurons, we first used linear discriminant analysis (LDA), a supervised dimensionality-reduction analysis allowing a high-dimensional discrimination of groups of observation. As balanced group sizes are required, LDA was run only on WT (n=22), SK3 KO (n=26) and Kv4.3 KO (n=28) groups. The 8 most discriminant electrophysiological variables (spontaneous firing frequency, CV ISI , AP threshold, AP amplitude, AP half-width, AHP trough voltage, AHP latency and rebound delay, Figure 11A ) were used to perform LDA and obtain a 2-dimensional representation of the phenotype in F1/F2 space ( Figure 11B) . The mean vector difference between groups was found to be highly significant (Wilk's lambda = 0.22; F=9.3, p=5.10 -15 ), providing a statistical criterion ascertaining that groups are significantly discriminated. Specifically, as demonstrated by the cross-validation, most Kv4.3 KO neurons (82%) were well classified by the discriminant function, while this percentage was lower for SK3 KO (72%) and WT neurons (62%), suggesting that LDA mainly discriminates Kv4.3 KO neurons from the two other classes (see Figure   11B ). These results are explained by the fact that rebound delay and firing frequency (strongly modified in Kv4.3 KO mice) are major contributors to F1 (85.67%), while CV ISI and AP threshold (modified in SK3 KO mice) contribute mainly to F2 (14.33%). These results confirm that the changes in phenotype in SK3 KO mice are milder than the ones observed in Kv4.3 KO mice. In order to confirm and extend the multi-dimensional analysis, we then used an unsupervised non-linear dimensionalityreduction technique for high-dimensional data set visualization (t-distributed Stochastic Neighbor Embedding or t-SNE) (Van der Maaten & Hinton, 2008) that allowed us to identify clusters of neurons analyzed in current-clamp recordings (WT, KOs and pharmacological treatments) based on the 8 electrophysiological parameters used for LDA. Consistent with the LDA results, WT and SK3 KO observations were found to cluster in the same region of the phenotypic space, while Kv4.3 KO, apamintreated and AmmTX3-treated observations were located in a separate region of phenotypic space (Figure 11C) . In other words, while all pharmacological treatments and Kv4.3 deletion induce significant variations in phenotype, deleting SK3 does not induce a significant variation in phenotype. It must be noted however, that 4 Kv4.3 KO neurons (4/28=14%) are not well classified, neither using LDA nor using t-SNE (see Figure 11B and 11C left, see discussion).
DISCUSSION
In the current study, we determined the level of robustness of SNc DA neurons to the deletion of either SK3 or Kv4.3 potassium channel and also assessed the robustness of nigrostriatal-related motor functions in SK3 and Kv4.3 KO mice. Using multivariate analyses, we demonstrated that SK3 KO SNc DA neurons display an electrical phenotype not significantly different from WT SNc DA neurons while Kv4.3 SNc DA neurons display a significantly altered electrical phenotype. The results from acute pharmacological blockade of SK channels or Kv4 channels are consistent with these conclusions: acute blockade of SK channels leads to a phenotype strikingly different from chronic deletion of SK3 while acute blockade of Kv4 channels and Kv4.3 chronic deletion lead to quantitatively "similar" phenotypes. Voltage-clamp recordings also support these conclusions as the charge carried by I SK is maintained in the SK3 KO mouse while the charge carried by I A is very significantly decreased (-80%) in Kv4.3 KO mice. The acute blockade of SK channels in SK3 KO neurons suggests that the constancy of I SK charge is due to a compensatory increase in SK2 expression in SK3 KO neurons. On the other hand, Kv4.3 loss is not associated with a compensatory increase in Kv4.2-carried I A current or in I KDR , as shown in other neuronal types (Carrasquillo et al, 2012; Nerbonne et al, 2008) . In summary, we demonstrate that SNc DA neurons are robust to SK3 deletion, due to a compensation of SK3 loss by SK2. In spite of the expression of the functionally similar Kv4.2 channel, SNc DA neurons are not robust to Kv4.3 deletion because no compensatory increase in Kv4.2 is triggered in Kv4.3 KO neurons. Intriguingly though, both transgenic mice appear rather robust to either potassium channel deletion, displaying only subtle alterations in spontaneous locomotion and rotarod motor learning.
Comparison with previous studies
To our knowledge the Kv4.3 KO mice were used only in one study focused on the robustness of firing of cortical pyramidal neurons (Carrasquillo et al, 2012) and no behavioral data were available. Our rotarod results suggesting that motor learning and colleagues (2012) described minor modifications of the extracellularly recorded spontaneous activity: the ISI (the inverse of firing frequency) does not appear to be significantly different from WT, while CV ISI seems to be slightly increased (Deignan et al, 2012) . These results are consistent with our current-clamp analysis, which revealed a weak but significant increase in CV ISI in SK3 KO mice without a significant change in spontaneous firing frequency (Figure 1) . The voltage-clamp results however differed from the ones presented here. Deignan and colleagues reported a 90% reduction in I SK amplitude in SK3 KO mice, while we observed a ~40% decrease in peak amplitude. Moreover, we found that I SK decay was significantly slower, leading to an overall constancy of the charge carried by the current. This maintenance of the charge in SK3 KO mice is consistent with the global robustness of spontaneous firing (Figure 2) , and also supported by the observation that SK channel acute blockade in SK3 KO neurons leads to the same changes in firing pattern (Figure 10) . The discrepancies in voltage-clamp recordings might be explained by the number of neurons recorded: I SK measurements were performed in 5 SK3 KO SNc DA neurons in Deignan's study, while I SK was recorded in 26 neurons in the current study.
Kv4.2 expression in SNc DA neurons
The data we obtained from the Kv4.3 KO shed light on the potassium channels carrying the I A current in SNc DA neurons. So far, Kv4.3 has been considered to be the main channel responsible for I A ( However, the voltage-clamp recordings reveal the presence of a small and fast AmmTX3-sensitive residual current in the KO neurons. Altogether, these findings suggest that Kv4.2 is indeed expressed in SNc DA neurons, even though it does not have a significant functional influence on firing in most neurons. At this point however, it is impossible to determine whether the small expression found in Kv4.3 KO SNc DA neurons corresponds to an up-regulation of expression compared to WT.
As mentioned before though, 4 Kv4.3 SNc DA neurons out of 28 seem to behave differently, and are clustered with WT neurons when performing LDA or t-SNE multivariate analysis (see Figure 11C ). These neurons have a long rebound delay, a slower spontaneous firing frequency, and also display a significantly larger and slower residual I A current. Thus, we cannot rule out the possibility that Kv4.2 is significantly expressed (or up-regulated in Kv4.3 KO mice) in a subpopulation of SNc DA neurons (~15% here), providing a compensatory mechanism for the loss of Kv4.3.
Multivariate analysis and definition of phenotype robustness
One of the interests of the current study is to provide a detailed characterization of the variations of electrical phenotype in two different transgenic mice. Most studies on ion channel KO mice were often restricted to the analysis of specific electrophysiological parameters, such as action potential shape and excitability (Barbaric et al, 2007) , and the approach we are presenting here seems to provide a way to measure fine variations in electrical phenotype in the face of various perturbations.
Functional redundancy does not systematically imply compensation
One particularly surprising result of the current study is the difference in robustness of the two potassium channel KOs. In the case of SK3 deletion, the loss seems to be roughly compensated by an increase in SK2 expression. Both channels are known to be expressed in WT neurons, even though SK3 is more strongly expressed than SK2 (Deignan et al, 2012; Tapia et al, 2018; Wolfart et al, 2001) . These two calciumactivated potassium channels are extremely similar in their functional properties, and are both highly sensitive to apamin (Weatherall et al, 2011) . Moreover, the expression of the two subunits suggests that SK3-SK2 heterotetramers could be present in SNc DA neurons (Tapia et al, 2018; Wolfart et al, 2001) . As discussed in the previous section, the situation could be considered to be quite similar for Kv4.3 and Kv4.2.
Both channels display very similar biophysical properties (Birnbaum et al, 2004) , and can associate with the same auxiliary subunits, giving rise to I A current in different cell types (Birnbaum et al, 2004; Cai et al, 2004; Carrasquillo et al, 2012; Nerbonne et al, 2008 How can we explain such a difference? Several hypotheses can be proposed. First, SK channels are known to critically control the firing pattern of SNc DA neurons, as they determine the regularity of firing, and by extension the transition between regular firing and bursting patterns of activity (de Vrind et al, 2016; Deignan et al, 2012; Dufour et al, 2014a; Seutin et al, 1993; Soden et al, 2013; Vandecasteele et al, 2011; Wolfart et al, 2001; Wolfart & Roeper, 2002) . Thus, a substantial decrease in SK channel expression should lead to dramatic changes in firing, with the occurrence of bursts of activity. As a consequence, calcium dynamics might be significantly altered.
On the other hand, Kv4.3 channels "only" control firing frequency, and their absence does not compromise pacemaking regularity. We may hypothesize that changes in 
MATERIAL AND METHODS

Animals
Female & male P16-P80 WT (n=39 animals), transgenic SK3 KO (n=21, Jackson laboratory) and Kv4.3KO (n=24, Deltagen) mice from C57BL6/J genetic background were housed with free access to food and water in a temperature-controlled room (24°C) on a 12:12 h dark-light cycle (lights on at 07:00 h). All efforts were made to minimize the number of animals used and to maintain them in good general health, according to the European (Council Directive 86/609/EEC) and institutional guidelines for the care and use of laboratory animals (French National Research Council). 
Behavioral Experiments
Motor learning
Motor learning was evaluated on the accelerating rotarod test (5-40 RPM in 5 min) that consisted of a 10cm-diameter rod. On the first day, mice were allowed to freely explore the non-rotating apparatus for 60 seconds and subsequently trained, as many times as necessary to hold on the rotating rod (5 RPM) for at least two 60-second trials, each trial being separated by 10-minute breaks. Mice were allowed to recover one hour before the first test. Testing phase consisted in 10 consecutive trials on the accelerating rod separated by 15-minute breaks that allowed consolidation of performance. Results are shown as the average latency to fall off the rod (mean ± SEM) at each trial. A performance index was calculated for each individual and consisted in the average latency of the last 3 trials divided by the average latency of the first 3 trials multiplied by 100 (
Electrophysiology 51 neurons from 17 WT mice, 28 neurons from 9 SK3 KO mice and 33 neurons from 11 Kv4.3 KO mice were recorded (current-clamp and voltage-clamp).
Acute midbrain slice preparation
Acute slices were prepared from P16-P25 animals of either sex. All experiments were performed according to the European and institutional guidelines for the care and use of laboratory animals (Council Directive 86/609/EEC and French National Research Council). Mice were anesthetized with isoflurane (CSP) in an oxygenated chamber (TEM SEGA) before decapitation. After decapitation the brain was immersed briefly in oxygenated ice-cold low-calcium aCSF containing the following (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 4 MgCl2, and 25 D-glucose, pH 7.4, oxygenated with 95% O2/5% CO2 gas. The cortices were removed and then coronal midbrain slices (250 µm) were cut in ice-cold oxygenated low-calcium aCSF on a vibratome (vibrating microtome 7000smz, Camden Instruments, UK). Following 20-30 min incubation in oxygenated low-calcium aCSF at 35°C, the acute slices were then incubated for a minimum of 30 min in oxygenated aCSF (containing in mM: 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2, and 25 glucose, pH 7.4, oxygenated with 95% O2/5% CO2 gas) at room temperature before electrophysiological recordings.
Drugs
Kynurenate (2 mM, Sigma-Aldrich) and picrotoxin (100 µM, Sigma-Aldrich) to block excitatory and inhibitory synaptic activity, respectively. Apamin (300 nM, Alomone) was used to identify and measure calcium-activated potassium currents carried by SK channels. AmmTX3 (1µM, Alomone) was used to measure the transient potassium current (I A ) carried by Kv4 channels. Drugs were bath applied via continuous perfusion in aCSF.
Electrophysiology recordings and analysis
All recordings (112 neurons from 37 mice) were performed on midbrain slices continuously superfused with oxygenated aCSF at 30-32°C. Picrotoxin and kynurenate were systematically added to the aCSF for all recordings to prevent contamination of the intrinsically generated activity by glutamatergic and GABAergic spontaneous synaptic activity. Patch pipettes (3.2-4.0 MOhm) were pulled from borosilicate glass (GC150TF-10, Harvard Apparatus) on a DMZ-Universal Puller (Zeitz Instruments) and filled with a patch solution containing the following (in mM): 20 KCl, 10 HEPES, 0.5 EGTA, 2 MgCl2, 2 Na-ATP, and 120 K-gluconate, pH 7.4, 290-300 mOsm. Whole-cell recordings were made from SNc dopaminergic neurons visualized using infrared differential interference contrast videomicroscopy (QImaging Retiga camera; Olympus BX51WI microscope), and were identified based on their location, large soma size (>30µm), and electrophysiological profile (regular slow pacemaking activity, large spike half-width, large sag in response to hyperpolarizing current steps). For voltage-clamp experiments, only whole-cell recordings with an uncompensated series resistance <7 MOhm (compensated 85-90%) were included in the analysis. For current-clamp pharmacology experiments, higher series resistances were tolerated as long as the bridge compensation was properly adjusted to 100%. Liquid junction potential (-13.2 mV) and capacitive currents were compensated on-line. Recordings were acquired at 50kHz and were filtered with a low-pass filter (Butterworth characteristic 8.4 kHz cutoff frequency for current-clamp recordings and Bessel characteristic 5kHz cutoff frequency for voltageclamp recordings). For current-clamp recordings, 1s hyperpolarizing current steps were injected to elicit a hyperpolarization-induced sag (due to I H activation).
Current-clamp recordings and protocols
The spontaneous firing frequency was calculated from a minimum of 30 seconds of stable current-clamp recording (with no injected current) within the first 5 minutes of obtaining the whole-cell configuration. The coefficient of variation of the interspike interval (CV ISI ) was extracted from the same recording. Action potentials (APs) generated during this period of spontaneous activity were averaged and several parameters were extracted: AP threshold, AP amplitude, AP duration at half of its maximal height (AP half-width), AHP trough voltage, AHP latency. Hyperpolarizing current steps and depolarizing current steps were used to characterize the postinhibitory rebound (Amendola et al, 2012) 
Voltage-clamp recordings
For voltage-clamp recordings of I SK , a hybrid-clamp protocol was used to elicit maximal calcium-activated potassium current. This protocol consisted of a depolarization step (0 mV; 500 ms) from a holding potential of -70 mV. During this strong depolarization step, unclamped action currents were triggered that allowed large calcium entries necessary for SK channels to activate. Returning to holding potential (-70 mV) for 2500 ms allowed calcium-activated potassium channels to fully deactivate. The apamin-sensitive current was then isolated by repeating this stimulation protocol during apamin superfusion: the apamin-sensitive potassium current elicited by SK channels was obtained by substraction of the potassium current after apamin from the total potassium current recorded before apamin application.
Measurements of I SK properties (amplitude, time-to-peak, charge) were extracted from subtracted traces and the decay time constant was obtained from a mono-exponential fit. For voltage-clamp recordings of I A and the delayed rectifier current (I KDR ), tetrodotoxin (1 µM, Alomone), nickel (200 µM, Sigma-Aldrich) and cadmium (400 µM, Sigma-Aldrich) were also added to the aCSF. The I A current was elicited by a protocol consisting in a 500 ms prestep at -100 mV (to fully de-inactivate I A ) followed by a 500 ms voltage step to -40 mV (to activate I A without eliciting delayed rectifier potassium currents). The current generated by the same protocol using a prestep at -40mV (to fully inactivate I A ) was subtracted to isolate I A . I A properties (peak amplitude and total charge) were measured after subtracting the baseline at -40mV. The inactivation time constant was extracted from a mono-exponential fit of the decay of the current. I KDR was elicited by using a protocol consisting of a prestep at -30mV (to fully inactivate I A ) followed by incremental depolarizing voltage steps up to +40mV.
Data acquisition
Data were acquired using an EPC 10 USB patch-clamp amplifier (HEKA) and the Patchmaster software acquisition interface (HEKA). Analysis was performed using FitMaster v2x73 (Heka).
Statistics
Behavior
The statistical analysis of actimetry and rotarod behaviors consisted in unpaired t-tests between SK3 KO or Kv4.3 KO mice and their respective WT littermates. For actimetry assessment, the numbers of horizontal (locomotion) and vertical (rearing) photobeam breaks were measured and compared between genotypes. Data are represented as line and scatter plots for the number of horizontal and vertical photobeam breaks per 5-min bin. The number of total movements normalized to control littermate was then used to determine significant changes in spontaneous locomotion. For motor learning on the accelerating rotarod, the average latency to fall off the rod was measured for each trial. Statistical differences in motor learning were assessed by comparing the performance index. Data are represented as line and scatter plots for the average latency to fall off the rod.
Electrophysiology
The univariate statistical analysis of electrophysiological data, performed according to the distribution properties of the data, included standard sigmoidal fitting procedure, paired t-test or Wilcoxon signed rank test, one-way ANOVA and two-way repeated measures ANOVA with genotype and pharmacological condition as the independent factors (all conducted using SigmaPlot 11.0, Jandel Scientific), with p < 0.05 considered to be statistically significant. One-way ANOVA tests were followed by adapted post-hoc tests between groups (Holm-Sidak or Bonferroni's test), with p<0.05 considered as statistically significant (SigmaPlot 11.0, GraphPad Prism 6). In Spontaneous ring frequency (Firing frequency), CVISI, AP amplitude, AP threshold, AP half-width, AHP trough voltage (AHP trough) and AHP latency were extracted from spontaneous activity recordings. Rebound delay was extracted from hyperpolarizing current step protocols (see Figure 4 ). F1 and F2 accounted for 85.67 and 14.33% of the variance of the measurements, respectively. B, scatter plot representing the factor loadings of the WT (gray circles), SK3 KO (green circles) and Kv4.3 KO (red circles) in the F2 vs F1 space. All individual points are represented for each genotype, and the ellipses of corresponding colors indicate the 95% con dence interval of each distribution. The centroids of each group also appear as diamonds at the center of the ellipses. C, left, t-SNE representation of the distribution of the electrophysiological phenotype of individual SNc DA neurons in the WT, SK3 KO, Kv4.3 KO, WT+apamin, SK3 KO+apamin and WT+AmmTX3 conditions. Right, same representation using the average t-SNE1 and t-SNE2 values for each condition. The small ellipses around each point indicate the con dence interval of the mean. Colored arrows schematically indicate the trajectories from the WT group to the di erent treated groups. 
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